This paper summarizes our present electrostatic calculations on P-type ATPases and their contribution to understand the molecular details of the reaction mechanisms. One focus was set on analyzing the proton countertransport of the sarcoplasmic reticulum Ca 2+ -ATPase (SERCA1a). Protonation of acidic residues was calculated in dependence of pH for different enzyme states in the reaction cycle of the Ca 2+ -ATPase. We proposed that the acidic Ca 2+ ligands Glu 771, Asp 800 and Glu 908 participate in the proton countertransport whereas Glu 309 is more likely to serve as a proton shuttle between binding site I and the cytoplasm. Complementary to infrared measurements, we assigned infrared bands to specific Ca 2+ ligands that are hydrogen bonded. Ion pathways were proposed based on the calculations and structural data. Another focus was set on analyzing the energy transduction mechanism of P-type ATPases. In accordance to electrophysiological experiments, we simulated an electric field across the membrane. The impact of the electric field was studied by an accumulated number of residue conformational and ionization changes on specific transmembrane helices. Our calculations on the Ca 2+ -ATPase and the Na + /K + -ATPase indicated that the highly conserved transmembrane helix M5 is one structural element that is likely to act as energy transduction element in P-type ATPases. Perspectives and limitations of the electrostatic calculations for future computational studies are pointed out.
Introduction
P-type ATPases form a large family of ubiquitous membrane proteins that pump ions across either cell membranes or membranes of intracellular organelles such as the endoplasmic or sarcoplasmic reticulum. Those ion pumps transport different kinds of cations ranging from H + , Na + , K + , Ca 2+ to heavy metals such as Cu 2+ , Cd 2+ and Hg 2+ [1, 2] . The active transport is driven against a concentration gradient by using the energy derived from ATP. Approximately 30% of the ATP produced in mammalian cells are consumed by P-type ATPases [3] . The formation of the covalent aspartyl-phosphorylated intermediate distinguishes P-type ATPases from other active transporters like F-, V-, and ABC-ATPases [4] . As they become transiently phosphorylated during the reaction cycle, they are termed as "P-type". After binding and hydrolysis of ATP, the terminal phosphate group of ATP is attached to a conserved aspartic acid of the protein. This aspartic acid is located in a 7 amino acid sequence, the most common motif for P-type ATPases is DKTGTLT [5] . Prominent members of P-type ATPase family include the Ca 2+ -ATPase and the Na + /K + -ATPase. The Ca 2+ -ATPase of skeletal muscle sarcoplasmic reticulum (SERCA1a) induces the relaxation of muscle cells. It actively pumps calcium back into the sarcoplasmic reticulum (SR) that has been released from the SR into the muscle cells via Ca 2+ -release channels when the muscle is contracted. Calcium ions are transported from the cytoplasmic to the SR lumenal side of the membrane reducing the cytoplasmic Ca 2+ to concentrations less than 0.1 μM. 2 Ca 2+ ions are transferred per ATP hydrolyzed [6, 7] and 2-3 H + are countertransported [8] . The Ca 2+ -ATPase is an electrogenic pump although no H + gradient is built up across the SR membrane because it is leaky to H + . The Na + /K + -ATPase is a P-type ATPase that is composed of 3 subunits. Ion transport and ATP binding take place in the α-subunit that is homologous to the single subunit Ca 2+ -ATPase. It is an electrogenic pump exporting 3 Na + ions and importing 2 K + ions in each reaction cycle thereby maintaining the electrochemical gradient of Na + and K + across the plasma membrane of most animal cells. Understanding the reaction mechanism of P-type ATPases has additional pharmaceutical relevance, for example heart drugs target the Na + /K + -ATPase [9, 10] or gastroesophageal acid reflux drugs target the gastric H + /K + -ATPase, another P-type ATPase family member [11, 12] .
The basic transport mechanism of P-type ATPases is commonly described by the classical E1/E2 model based on cyclic changes between two main conformational enzyme states, termed as E1 and E2 [13] [14] [15] . These changes are coupled to the vectorial ion transport.
The binding and hydrolysis of ATP provides the energy to drive this active ion transport against the concentration gradient at the membrane. The basic steps in the reaction cycle are assumed to be the same in all P-type ATPases and to be assisted by a similar structural architecture. Ten transmembrane helices (M1-M10) form the ion translocation site and are linked to three cytoplasmic domains where nucleotide binding and phosphorylation take place. The cytoplasmic domains are divided into the nucleotide binding (N)-, the phosphorylation (P)-, and the actuator (A)-domain. The N-domain binds ATP, the P-domain contains the phosphorylation site with the conserved residue Asp 351, and the A-domain is assumed to act as actuator of the gates that regulate ion binding and release [16] . The ion binding sites are located quite at the center of the transmembrane domain. Some of the 10 transmembrane helices (M2-M5) have long extensions into the cytoplasmic head part that are termed as stalks (S2-S5). The Ca 2+ -ATPase is structurally and functionally the best characterized P-type ATPase so far and thus advanced to be the model protein of the whole P-type ATPase family for understanding the transport cycle. Fig. 1 shows the E1/E2 reaction model exemplarily for the Ca 2+ -ATPase. Two cytosolic Ca 2+ bind sequentially and cooperatively to the two high affinity Ca 2+ binding sites [6, 17, 18] which release 2 [18] [19] [20] [21] [22] [23] or 3 [24] H + to the cytoplasm at pH 6 (E1·2Ca 2+ ). The Ca 2+ binding initiates the ATP binding to the catalytic site (E1·ATP·2Ca 2+ ) and enables ATP to phosphorylate the Ca 2+ -ATPase at Asp 351 forming a Ca 2+ occluded high-energy state (E1P·2Ca 2+ ). Several phosphoenzyme intermediate states are formed consecutively, some of them have been crystallized up to now (for an overview see [7] ), and others are postulated by mutational studies [25] . The E2P intermediate dephosphorylates by the reaction with water and its formation is accompanied by the release of Ca 2+ into the SR lumen. Even high lumenal Ca 2+ concentrations do not inhibit the lumenal release of Ca 2+ from the phosphoenzyme [26, 27] . The Ca 2+ release is accompanied by the uptake of 2-3 H + from the SR lumen [19, 24, 28, 29] . Hydrolysis of E2P to E2 and regeneration to the high affinity binding sites (E1) completes the reaction cycle. All steps are reversible. E1 and E2 are often interpreted as the two main conformational states of the enzyme with different orientation and affinity of the Ca 2+ binding sites. This view of intermediate states has also been questioned and a switch mechanism has been proposed instead in which the Ca 2+ binding and the Ca 2+ release switch the reaction specificity of the phosphorylation site whereas phosphorylation and dephosphorylation switch the accessibility and affinity of the Ca 2+ sites [30] . However, the coordinated affinity change at the transport sites is the key to active transport as the cytoplasmic calcium ions are bound with μM affinity and released to the lumen with mM affinity [31] . Also the coupling between the phosphorylation site and the Ca 2+ binding sites is necessary for efficient Ca 2+ pumping. The chemical free energy of the ATP hydrolysis is used with an efficiency up to 100% that is 39-42 kJ/mol [32, 33] . The transport is accompanied with structural changes [7, 16, 31, 32] . The transition from the calcium bound to the calcium free state disrupts the Ca 2+ binding sites by the movement of the coordinating residues. The coordinating residues are located on the helices M4, M5, M6 and M8. According to the crystal structures, the transmembrane helices M1-M6 move during the transport cycle whereas M7-M10 keep their positions and anchor the protein in the membrane [16, 32] . However, the most significant structural changes occur in the cytoplasmic head part. The domains move considerably between an open arrangement of the A-, P-, and Ndomains in the E1·2Ca 2+ state and a compact conformation in all other intermediates.
The variety of structural and functional studies of P-type ATPases is constantly summarized in reviews, e.g. for the Ca 2+ -ATPase in [7, 11, 16, 31, 32, [34] [35] [36] [37] and for the Na + /K + -ATPase in [5, [38] [39] [40] [41] [42] . The number of crystal structures of the Ca 2+ -ATPase increased tremendously in the last years and atomic coordinates of most transport intermediates or of analog states are now available [43] [44] [45] [46] [47] [48] [49] [50] . The present status of solved Ca 2+ -ATPase structures has been summarized in a recent review [7] . A crystal structure of the Na + /K + -ATPase E2·Pstate has also been solved lately [51] . The availability of structural data provides the accessibility for computational analysis. However, the molecular system is fairly large (994 residues; ∼ 15 800 atoms including hydrogens) what remains a challenge for simulations. The computational and theoretical studies on P-type ATPases that have been performed so far addressed questions as e.g. the binding of the ions or of inhibitors [52, 53] , domain motions [54] [55] [56] [57] , ion transport and gating mechanisms [58, 59] or heat flux accompanying the ion transport [60, 61] . Most of the present computational studies on P-type ATPases use molecular dynamics, docking and normal mode analysis approaches. Continuum electrostatic calculations have been performed to study the protonation of binding site residues of the Ca 2 + -ATPase [62, 63] . Our studies focus on the electrostatic properties which are important for the ion transport as well as for the energy transduction mechanism. Compared to continuum electrostatic calculations, the multiconformation continuum electrostatics (MCCE) approach additionally includes various side chain orientations that are sampled simultaneously with the ionization states of the residues. Thus a conformational flexibility is included explicitly and furthermore, the coupling of ionization and side chain conformer changes can be monitored.
In this report, we summarize the results of our present simulation studies on ion transport and energy transduction of P-type ATPases [64] [65] [66] [67] [68] [69] . Our electrostatic simulations have been performed complementary to experimental studies. We analyzed the proton countertransport of the Ca 2+ -ATPase. The Ca 2+ coordinating residues were studied in particularly. Their pK a -value, protonation state and side chain orientation were calculated in dependence of pH for different enzyme states in the transport cycle. The calculations were performed in combination with infrared studies and contributed to assign infrared bands to specific Ca 2+ residues that get protonated upon Ca 2+ release. Ligands were identified that are likely to be involved in the proton countertransport and their functional role within the proton translocation was proposed.
The energy transduction was studied motivated by voltage-clamp fluorometry experiments that induce the reaction cycle by applying voltage jumps across the membrane and that localize helix conformational changes on specific helices during the transport cycle [70] . We simulated an electric field across the membrane, calculated the conformational and ionization changes of residues and analyzed the impact of an electric field on each transmembrane helix for the Ca 2+ -ATPase and the Na + /K + -ATPase. Although only a qualitative analysis can be performed, the electrostatic calculations showed that the transmembrane helices respond differently to the electric field in terms of conformer changes and thus support the hypothesis that specific transmembrane helices are likely to act as energy transduction elements.
Methods

Multiconformation continuum electrostatics
Multiconformation continuum electrostatics (MCCE) is a hybrid method that combines continuum electrostatics and molecular mechanics. Details of the MCCE program can be found, e.g. in [71, 72] . Several MCCE studies on proteins have been reported, e.g. [73] [74] [75] [76] [77] [78] . Titration curves respectively pK a -values as well as side chain orientations are calculated for each residue in dependence of pH. Energy terms that shift the pK a of a residue in solution to its pK a in the protein environment can be identified. Each residue is represented by a set of conformers that differ in ionization, side chain orientation (rotamer) and hydrogen positions. Rotamers are constructed systematically by rotating rotatable side chain bonds with variable angle increment. Steric clashes and strong interactions reduce the total number of rotamers that are included in the calculations. The protein backbone remains fixed. Electrostatic and non-electrostatic interactions are calculated between all conformers. Protein microstates are created by choosing one conformer per residue. The free energy of each microstate is the sum of several energy terms including the reference pK a,sol of the residue in solution, conformer self energies, interactions with the backbone and other fixed conformers, and pairwise electrostatic and non-electrostatic interactions between conformers [71, 74] . The microstates are subjected to a Monte Carlo sampling. Calculation outcome is the pH-dependent occupancy of all conformers that are assigned to a residue. All electrostatic interactions are calculated with the program Delphi [79] based on the linear Poisson-Boltzmann equation. For the protein, the dielectric constant ε=4 was chosen, while 80 was used for the solvent. PARSE parameters provide atomic charges and radii [80] . Torsion and Lennard-Jones parameters were previously reported [72] .
Ionic capacitor to simulate an electric field
We implemented a transmembrane electric field into the MCCE method by inserting ions above and below the transmembrane region of the protein at the membrane boundaries. Thus the ions act like capacitor plates that generate a homogenous electric field. The electric field strength can be varied by choosing a different number and charge of the inserted ions or by varying the capacitor plates' distances. The impact of the electric field on individual transmembrane helices of the ATPase was analyzed by summing up the conformer changes per helix that are induced by the electric field. A typical simulation setup containing the ATPase, a modeled membrane and the ionic capacitor is shown in Fig. 4 . To avoid counting changes that are induced for Fig. 1 . The basic reaction cycle for the Ca 2+ -ATPase. After binding of 2 cytosolic Ca 2+ ions (E1·2Ca 2+ ), ATP binds (E1·ATP·2Ca 2+ ), gets hydrolyzed and enables phosphorylation. Several phosphoenzyme intermediates are formed consecutively (E1P·2Ca 2+ , E2P·2Ca 2+ , E2P, E2·P). The Ca 2+ ions are released into the SR lumen and 2-3 H + are taken up from the SR lumen. After dephosphorylation (E2), the enzyme recovers to the conformation with high affinity Ca 2+ binding sites (E1). See text for more details. High resolution structures (shown as cartoons) are presently available for almost all enzyme states. The structural data used for the figure are the pdb-entries 1SU4 [43] , 1T5S [97] , 1T5T [97] , 3B9B [49] , 1WPG [46] and 2AGV [63] . The cytoplasmic domains are colored in blue (P), red (N) and green (A), and the transmembrane domain in yellow. example by steric perturbations of the ionic capacitor, MCCE calculations have been performed with and without an applied electric field, i.e. the capacitor was placed into the simulation setup once with ions and once with atoms. The most occupied conformer was extracted for each residue in each simulation setup (with and without applied electric field). Only those residues were counted in the final evaluation that changed when the electric field was applied and all conformer changes were summed up for each transmembrane helix M1-M10. Hydrogen bond orientation changes of an angle increment of less than 10°have been neglected. The conformer changes were distinguished in rotamer and ionization changes as shown exemplarily in Fig. 5 . Typical parameters for the ionic capacitor can be found in Section 2.3.
Simulation details
Simulation details for the proton countertransport [64] [65] [66] [67] and the energy transduction [68, 69] were reported previously. Here, we provide the simulation parameters for the new calculations with the recently solved 3.5 Å crystal structure (3B8E) of the E2·P-state of the Na + /K + -ATPase [51] . Mg 2+ , MgF 4 2+ and Rb + ions, PC1 (1,2-diacylsn-glycero-3-phosphocholine) and crystal water molecules were deleted for the calculations. Cavities that are large enough for water molecules were treated with a continuum water approximation using ɛ = 80. The transmembrane domain (residues 70-150; 250-360; 740-1024) and the helices M1-M10 of the Na + /K + -ATPase were assigned according to the Swiss-Prot Database [81] . The protein was embedded into a POPC (1-palmitoyl 2-oleoyl phosphatidylcholine) bilayer consisting of 128 lipids solvated with 35 035 water molecules. The generation of the membrane was performed with VMD [82] and the gap between the membrane and the protein was closed with a molecular dynamics simulation using NAMD [83] with the CHARMM27 force field. The total molecular system consisted of 137 796 atoms and was coupled to a temperature bath at 310 K. After the protein/membrane complex generation, the hydrogens were deleted since they are regenerated in MCCE. The POPC bilayer was parameterized as neutral cofactor with no rotamers assigned. For the ionic capacitor, 100 atoms with a van-der-Waals radius of 1.7 Å were inserted in rows above and below the transmembrane region at the membrane boundaries. The dimensions of the capacitor plates were roughly 50 Å × 50 Å and the distance between the plates 60 Å. The electric field strength was set to 2.4 · 10 11 V/m with ion charges of +9/−9 a.u. The whole simulation setup (ATPase, membrane and ionic capacitor) was implemented in MCCE and the calculations were performed with the program version "mcce1.0".
Proton countertransport of the Ca 2+ -ATPase
It is well established that the transport of Ca 2+ ions across the membrane is associated with a proton countertransport from the SR lumen to the cytoplasm [20, 84, 85] . The basic reaction cycle of the Ca 2+ -ATPase is shown in Fig. 1 . When the two cytosolic Ca 2+ ions have bound to the Ca 2+ -ATPase (E1·2Ca 2+ ), protons are released into the cytoplasm and the nucleotide ATP binds to the N-domain, gets hydrolyzed and phosphorylates the Ca 2+ -ATPase at Asp 351. The phosphoenzyme then converts from an ADP-sensitive E1P·2Ca 2+ to an ADP-insensitive form E2P and Ca 2+ is released to the SR lumen against a concentration gradient. Protons are taken up from the lumenal side of the membrane and are released to the cytoplasmic side of the membrane upon Ca 2+ rebinding. The proton uptake and release reactions constitute the proton countertransport of the Ca 2+ -ATPase. The two calcium binding sites are located in the transmembrane region at helices M4, M5, M6 and M8 [36] . Calcium coordination at site I is provided by the side chain oxygens of Asn 768 and Glu 771 from M5, Thr 799 and Asp 800 from M6, and Glu 908 from M8. At site II, the Ca 2+ ion is coordinated by contributions from both side chain and backbone oxygens, side chain oxygens of Asn 796 and Asp 800 from M6 and Glu 309 from M4, and backbone oxygens of Val 304, Ala 305 and Ile 307 from M4. Asp 800 is part of site I and site II and coordinates both Ca 2+ ions. Fig. 2 shows the location of the binding site and all ligands that provide side chain oxygens. Calcium ions and protons are thought to compete for the same binding sites as protons are likely to be required for stabilization of the Ca 2+ -ATPase structure by partly neutralizing the empty binding sites [16] . There are different assumptions if each Ca 2+ competes with one H + [18, 22, 23] or the protons have to be released before the first Ca 2+ binds [19, 21, 23, 24] . Prime candidates for binding the countertransported protons are the acidic residues of the binding sites [18, [20] [21] [22] [23] 84] . Four of the binding site residues contain carboxyl groups: Glu 309 (binding site I), Glu 771 (binding site II), Asp 800 (sites I and II) and Glu 908 (site I) that are marked with colors in Fig. 2 . The proton countertransport is reduced by increasing the luminal pH from 6 to 8 [86] . Thus the residues that participate in the proton countertransport should be less protonated at high pH.
Role of acidic Ca 2+ ligands in the proton countertransport
To analyze the participation of the acidic Ca 2+ ligands (Glu 309, Glu 771, Asp 800, Glu 908) in the proton countertransport, we calculated their pK a s respectively fractional protonation in dependence of pH for different enzyme states, i.e. the Ca 2+ -bound state E1·2Ca 2+ and the Ca 2+ free states, E2 with bound thapsigargin (E2(TG)) and the E2P analog state with MgF 4 2− (E2(TG + MgF 4 2− )) [67] . Side chain conformation and protonation are simulated simultaneously in MCCE calculations, thus both changes are monitored explicitly as a function of pH. The acidic ligands should be deprotonated in the Ca 2+ -bound state and protonated in the Ca 2+ free states at physiological pH if they compete for the Ca 2+ ions and protons. If additionally involved in the proton countertransport, they should deprotonate in the Ca 2+ free states at high pH. Experimentally determined apparent pK a -values are near 7.5 for lumenal proton binding of countertransported residues [19, 24, 86] . Our calculations indicated that at physiological pH all acidic ligands were ionized in the Ca 2+ -bound state. Glu 771, Asp 800 and Glu 908 were protonated in the Ca 2+ free states E2(TG) and E2(TG + MgF 4
2−
). Glu 771, Asp 800 and Glu 908 were protonated. Glu 771 and Glu 908 had calculated pK a -values larger than 14 in E2(TG) and E2(TG + MgF 4 2− ), whereas Asp 800 titrated with calculated pK a -values near 7.5 [64, 67] . Glu 309 had very different pK a -values in the Ca 2+ free states: 8.4 in E2(TG + MgF 4 2− ) and 4.7 in E2(TG) as shown in Fig. 3 . We attribute the striking pK a difference to the different local backbone structure around Glu 309 in the crystal structures. The amide oxygen faces outwards in the E2(TG + MgF 4 2− ) structure whereas it faces inwards in the E2(TG) structure and thus directs the C α -C β bond of the Glu 309 backbone differently. The crystal structure backbone influences the calculated pK a -values because conformational degrees of freedom are only given to the side chains whereas the backbone remains fixed in the MCCE approach. However, our calculations showed that the protonated Glu 309 side chain can orient in opposite directions in both structures, one conformation oriented inwards towards the other Ca 2+ ligands and one conformation oriented outwards towards a channel inside the protein that seems to be in contact with the cytoplasm [67] . This indicates that Glu 309 can switch between a high and a low pK a mode depending on the local backbone conformation. Upon deprotonation at higher pH, Glu 309 adopted completely the outwardly orientated side chain conformation. The contact of Glu 309 with the cytoplasm in E2(TG + MgF 4 2− ) makes this residue unlikely to bind lumenal protons in E2P. Instead it might serve as a proton shuttle between Ca 2+ binding site I and the cytoplasm. Outward movement of the Glu 309 side chain might also be a possible trigger for Ca 2+ release along an exit path between transmembrane helices M1, M2, and M4 [67] . Glu 771, Asp 800 and Glu 908 are proposed to take part in proton countertransport. Without the participation of Glu 309, our calculated number of countertransported residues is between 2 and 3, which compares favorably with experimental values at physiological pH and below [64, 67] .
Protonation and hydrogen bonding of acidic Ca 2+ ligandsband assignment of infrared bands with electrostatic calculations
Protonation of the acidic Ca 2+ ligands were studied by electrostatic calculations in combination with time-resolved Fourier transform infrared (FTIR)-measurements [64] [65] [66] [67] . FTIR-difference spectroscopy is predestinated to monitor the protonation of carboxyl groups during protein reactions [87, 88] . Thus the protonation of Glu and Asp side chains can be followed since the absorption of the corresponding vibrations are well distinguishable from the absorption of other amino acids. However, the assignment to individual groups within the protein needs additional information, e.g. from induced spectral changes due to isotopic labeling or mutation. We used MCCE calculations to assign infrared bands to individual acidic Ca 2+ ligands [64, 65] .
The pH dependence of CfO infrared bands of the Ca 2+ free phosphoenzyme state E2P gives direct experimental evidence for carboxyl groups that get protonated upon Ca 2+ release [65] . At least three of the infrared signals from protonated carboxyl groups of E2P were pH-dependent with pK a -values near 8.3. One infrared band was characteristic for non-hydrogen bonded carbonyl groups whereas two other infrared bands were characteristic for hydrogen bonded carbonyl groups. They were thus assigned to H + binding residues, some of which are involved in H + countertransport. Bands without pH dependence were not attributed to Ca 2+ /H + exchange [65] . With our MCCE calculations on E1·2Ca 2+ and E2P analog E2(TG + MgF 4 2− ) we assigned the infrared bands to specific residues and analyzed whether or not the carbonyl groups of the acidic Ca 2+ ligands were hydrogen bonded. The pH dependence of the measured CfO bands was correlated to the calculated fractional protonation of the acidic Ca 2+ ligands. The calculated occupancy of the various side chain rotamers was used to analyze possible hydrogen bonding patterns. Our calculations indicated considerable conformational heterogeneity of the acidic Ca 2+ ligands in the Ca 2+ free state E2(TG + MgF 4 2− ) which allows various hydrogen bonding patterns. The carbonyl groups of Glu 771, Asp 800 and Glu 908 were found to be hydrogen bonded and thus to contribute to the lower wavenumber bands. The carbonyl group of some Asp 800 conformers was left without hydrogen bonding partner and thus assigned to contribute to the higher wavenumber band [65] .
Ion pathways
Ion pathways were proposed based on our calculations and structural data [67] . The above described heterogeneity of Glu 309 supports a Ca 2+ gating function of this residue towards the cytoplasm and it might also be important for the release of Ca 2+ from the phosphoenzyme to the SR lumen. Ca 2+ release is likely to be triggered by an outward movement of the Glu 309 side chain away from the Ca 2+ binding sites. Exit to the cytoplasmic side is blocked by the outwardly oriented Glu 309 side chain and other residues. Exit to the lumen seems to be possible by a channel that is mainly formed by residues in transmembrane helices M1, M2 and M4. Most of the steric constraints of the Ca 2+ channel are between transmembrane helices M1 and M4 or M2 and M4. This indicates that the channel can be opened and closed by movements of helices M1 and M2 relative to M3 and M4. Movements of the transmembrane helices M1 and M2 relative to M3 and M4 are a reoccurring theme in the structural reorganizations that take place during Ca 2+ pumping [46] . In E1 · 2 Ca 2+ , M1 and M2 have moved down towards the SR lumen with respect to M3 and M4 and adopt a different position with respect to M4. This disrupts the Ca 2+ exit path.
Proton pathways in the Ca 2+ bound and Ca 2+ free states were also suggested by the analysis of crystal structures to which water molecules were added [66] . In the Ca 2+ bound state E1·2 Ca 2+ , one of the proposed Ca 2+ entry paths was suggested to operate additionally or alternatively as proton pathway. In analog states of the ADP-insensitive phosphoenzyme E2P and in the Ca 2+ free state E2, the proton path leads between transmembrane helices M5 to M8 from the lumenal side of the protein to the Ca 2+ binding residues Glu 771, Asp 800 and Glu 908. We suggested that separate proton and Ca 2+ pathways enable rapid (partial) neutralization of the empty cation binding sites. For this reason, transient protonation of empty cation binding sites and separate pathways for different ions are advantageous for P-type ATPases in general.
Energy transduction
P-type ATPases convert chemical energy, derived from the hydrolysis of ATP, into a vectorial mechanism for cation transport. Fig. 4 . Simulation setup with an "ionic capacitor". The energy derived from ATP is supplied in the cytoplasmic head part and has to be transferred to the transmembrane part where the ion transport takes place. Electrophysiological experiments indicate that the energy transduction is regulated by specific structural elements. We simulated an electric field across the membrane by placing ions above and below the transmembrane part of the protein (here: Na + /K + -ATPase). The conformer changes induced by the electric field were evaluated for each transmembrane helix. The modeled lipid membrane is shown in grey.
The coupling between the phosphorylation site and the ion binding sites occurs over a distance of more than 50 Å. A key question is how the phosphorylation site (where the energy is supplied) and the ion binding sites (where the energy is consumed) communicate with each other. Based on crystallographic data of the Ca 2+ -ATPase, the most structural changes during the transport cycle occur in the cytoplasmic head part. The domains move considerably between an open arrangement of the A-, P-, and N-domains in the E1·2Ca 2+ state and a compact conformation in all other intermediates. The transmembrane helices M7 to M10 keep their positions during the transport cycle and anchor the protein in the membrane [16, 32] whereas transmembrane helices M1-M6 move. The M5 including the stalk is particularly long (60 Å) and ranges from the lumenal surface of the membrane via the cytoplasmic surface of the membrane till to the end of the P-domain. Besides the models proposing that conformational changes mechanically drive the ions to be transported in the transmembrane region, there are also models suggesting that the chemical energy of the ATP hydrolysis is transduced via welldefined charge-transfer pathways that connect the chemical reaction site with the site of ion binding [89] . On the basis of structural data of the Ca 2+ -ATPase, Scarborough proposed two pathways, one running mainly along M4 and one mainly along M5 [89] . M5 and the subsequent extracellular M5-M6 loop are highly conserved among all P-type ATPases [38] and thus are likely to play a crucial role for coupling ATP hydrolysis to ion transport. The importance of helix M5 in functional rearrangement was suggested for the Na + /K + -ATPase [90] and the H + /K + -ATPase [91] . Charge translocation and transient currents of P-type ATPases have been extensively studied by electrical measurements that apply voltage jumps across the membrane to initiate the reaction cycle. Patch-clamp fluorometry experiments of the Na + /K + -ATPase showed that the extracellular end of helix M5 is involved in a voltage-dependent conformational change during the E1P-E2P transition and that this structural rearrangement is directly correlated to the main electrogenic step in the transport cycle [70] . Those measurements show further that only specific transmembrane helices respond to the electric field that is applied across the membrane and that these helices are likely to act as energy transduction elements in the reaction cycle.
In our computational study, we simulated an electric field across the membrane in accordance to the electrical measurements and studied its impact on the transmembrane region of a chosen enzyme state of the reaction cycle. The aim was to study if the electric field induces a selective helix activation in the transmembrane region. With our calculations we can evaluate the helix response to the electric field by changes in side chain conformation as well as changes in ionization of all residues in the transmembrane region. Since the protein backbone remains fixed in the MCCE approach, the detectable conformational changes are limited to changes in side chain conformations and cannot accomplish for larger protein movements. Thus we cannot simulate an enzyme transition in the reaction cycle as in the patch-clamp fluorometry experiments [70] , but we can study the impact of an electric field on the conformational and ionization changes of side chains. Both might be crucial for the energy transduction mechanism, whether it is driven mechanically or by charge-transfer pathways or by a combination of both. The side chain conformational and ionization changes were evaluated per helix and it was analyzed whether there is a selectivity in helix response supporting the experimentally-driven hypothesis that the energy transduction mechanism is regulated by specific structural elements. Ionization changes might also be important to translocate energy from the cytoplasmic head to the transmembrane region, even if just indirectly by coupled ionization and conformational changes. Fig. 4 represents the simulation setup that contains the ATPase, a membrane and the ionic capacitor that we implemented into the MCCE method.
Impact of an electric field studied by MCCE calculations
The results of MCCE calculation on the E2·P-state of the Na + /K + -ATPase are summarized in Fig. 5 . The above described approach was used to simulate an electric field and the field-induced conformer changes were calculated for each of the transmembrane helices M1-M10. Helices that are extended by a stalk (M2-M5) were evaluated with and without including the stalk (S2-S5). The total number of helix residues varies between 19 and 21 without consideration of the stalks and between 19 and 39 when the stalks are included. For a better evaluation of the electric field impact on transmembrane helices with different lengths, the conformer changes were not given in absolute numbers but in percentage with respect to the total number of helix residues. The calculated conformer changes were further distinguished in rotamer and ionization changes.
M5 is the helix with the most conformer changes (40%) when the stalk region is included in the evaluation. 25% of rotamer changes and 15% of ionization changes are induced by the electric field. The importance of the stalk S5 for the intramolecular communication was already suggested by mutational studies [92] . M3 and M4 are other helices with stalks that show an increase when the stalk is included, but much less than M5, and the total number of conformer changes remains below 10%. M6 and M8 have a similar fraction of rotamer changes as compared to M5. M6 shows no ionization changes and M8 only 5%. M1 has a similar number of ionization changes as compared to M5, but less than 10% of rotamer changes. The location of the rotamer and ionization changes within each helix is illustrated in Fig. 6 . It becomes obvious that conformer changes are induced on specific helices independently from the helix length. M4, for example, is only 3 residues shorter than M5 (when the stalk is included), but its number of conformer changes is below 10% as compared to 40% on M5. Although there are less changes on helix M4, this does not necessarily imply that M4 is not involved in the energy transduction. As mentioned above, the MCCE approach is restricted to side chain conformational changes whereas larger structural movements are not incorporated. Thus larger conformational changes might be essential for the participation of M4. This is indicated by our recent calculations where we combined electrostatic calculations with molecular dynamics simulations [69] . The number of conformer changes on M4 was significantly increased when structural rearrangements of the protein are included. The participation of M4 was also concluded by experimental studies [49, 92, 93] . Taken together, the most conformer changes were induced on M5 (with stalk included). The conformer changes consist of rotamer changes, but also of a significant amount of ionization changes. The conformer changes are evenly distributed along the whole helix as what has already been recognized by our previous calculations for the Ca 2+ -ATPase [68] .
Implications for the energy transduction of P-type ATPases
We calculated the conformer changes per transmembrane helix that are induced by an electric field across the membrane for the Ca 2+ -ATPase, structural models of the Na + /K + -ATPase and in this study for the recently solved E2·P-state of the Na + /K + -ATPase [68, 69] . Side chain conformational and ionization changes were evaluated and a selective activation of specific helices by the electric field became obvious. Certainly, our current approach has limitations as discussed below, but qualitatively it could be shown that individual helices showed more conformer changes than others. Our present calculations with different enzyme states of the Ca 2+ -ATPase could identify M5 to be reproducible activated by an electric field [68] . Also our calculations on structural models of the Na + /K + -ATPase and the here presented calculations on the E2·P-state of the Na + /K + -ATPase identified M5 to be activated besides M6 and M8 [69] . The crucial role of M5 is even more emphasized when the stalk region is included in the evaluation. M5 is highly conserved in P-type ATPases. Our simulations support experimental results and indicate that the transmembrane helix M5 is likely to act as energy transduction element in the reaction cycle of Ptype ATPases.
Limitations of the analysis
Our current simulation approach to study the impact of the electric field has limitations in tracking larger conformational changes. The backbone of the protein remains fixed in the MCCE approach and only the side chains are provided with a limited number of rotamers. Thus only conformational changes can be evaluated for side chains that are restricted to the supplied rotamers and no larger conformational changes of the whole protein can be followed. The fixed backbone and limited number of rotamers are certainly one reason why large electric field strengths have to be used in our simulation approach. In order to monitor rotamer changes, we had to use field strengths that are 100 to 1000-times larger than the physiological and experimentally applied electric fields. Other simulation studies analyzing electric fields across protein/membrane complexes use field strengths that are 10 to 100times larger than the physiological transmembrane fields [94, 95] . The limitations of the simulation approaches usually require high field strengths. It should also be noted that the physiological fields are not strictly homogeneous and can locally explore very high field strengths [95, 96] . Taken together, a qualitative analysis is feasible with our present approach at relatively low computational costs as compared to other computational approaches on proteins of that size. Our ongoing studies combine electrostatics with molecular dynamics (MD), i.e. electrostatic calculations on MD snapshots, in order to overcome the limitations in conformational dynamics and to reduce the required electric field strengths.
Outlook
Ongoing and future computational studies on P-type ATPases include the combination of electrostatics with molecular dynamics. Ionization states of residues are calculated including the protein conformational dynamics. Cation transport, binding and pathways, but also the nucleotide binding and phosphorylation sites will be studied with an increasing number of high resolution atomic structures and complementary to experiments. Fig. 6 . Localization of conformer changes in the E2·P-state of the Na + /K + -ATPase due to an applied electric field. Shown is the distribution of rotamer changes (red) and ionization changes (yellow) along each of the transmembrane helices M1-M10. M5 is the helix with most conformer changes that are additionally evenly distributed along the whole helix.
